Context: Adrenal incidentalomas (AIs) are found commonly on axial imaging. Around 30% exhibit autonomous cortisol secretion (ACS) associated with increased cardiovascular events and death.
Nevertheless, patients with AI/ACS have more cardiovascular events, osteoporosis and fractures, and incident diabetes (1, 2, (8) (9) (10) (11) . Together these data strongly support that AI/ACS is detrimental to health and that this is a common problem.
A blunted cortisol circadian rhythm, with higher evening and night levels, is a sensitive indicator of overt Cushing syndrome (6, 12) . In AI, however, the cortisol rhythm has never been systematically studied in fine detail by measuring hourly cortisol levels. Normally, cortisol concentrations reach a nadir around midnight, and rise at around 2 AM to 4 AM, peaking 30 to 60 minutes after waking and then gradually decline toward the quiescent phase in the early evening. In overt Cushing, inappropriately high cortisol levels result in multiple complications, including impaired glucose tolerance and diabetes, visceral obesity, psychiatric illness, metabolic bone and cardiovascular disease, infections, and increased mortality (6, 13) . Interleukin-6 (IL-6) is high in patients with Cushing syndrome (14, 15) , and this cytokine is associated with endothelial dysfunction and implicated in the pathogenesis of atherosclerosis (16) , a recognized complication of AI/ACS (17) .
We hypothesized, therefore, that patients with AI/ ACS, as identified using the 1-mg dexamethasone suppression test (ONDST), have higher evening cortisol concentrations due to autonomous secretion from the adrenal, with this being associated with a state of lowgrade inflammation, as indicated by IL-6 levels. We have assessed the baseline cortisol and IL-6 rhythms in these patients and then tested whether administration of a short-acting 11b-hydroxylase inhibitor, metyrapone, at specific time points could "reset" the cortisol rhythm in patients and what impact this would have acutely on IL-6 levels.
Methods

Study design and patients
This was a phase 1/2a, prospective, open-label, controlled, single-center study carried out in the National Institute for Health Research Clinical Research Facility, Sheffield Teaching Hospitals National Health Service Foundation Trust, United Kingdom, in patients diagnosed with AI ( Fig. 1) . Six patients (group AI/ACS) with unilateral or bilateral AI showing benign characteristics on a computed tomography scan (precontrast ,10 Hounsfield units) or magnetic resonance imaging together with an ONDST serum cortisol .80 nmol/L or 60 to 80 nmol/L with an adrenocorticotropic hormone (ACTH) ,2.2 pmol/L (10 pg/mL) and no features of clinical Cushing syndrome were recruited. Baseline characteristics were similar to the target population of interest (Supplemental Table 1 ) (8) . Two control groups of six sex-, body mass index (BMI)-, and age-matched subjects were recruited who had an ONDST serum cortisol ,50 nmol/L: (1) AI and no ACS (group AI/NoACS) or (2) 
Baseline study
For study visits, participants arrived at the clinical research facility around 2 hours before study start (approximately 4 PM) for a 24-hour sampling period. An intravenous cannula was inserted with a three-way tap for sampling via long extension line to avoid disturbing sleep and kept patent by slow intravenous 0.9% normal saline. Dead space volume was discarded at each sampling time point prior to sample collection. Standard meals were provided at 6 PM, 7:30 AM, and 12:30 PM. The study was carried out under stable environmental conditions, and lights were turned off at 11 PM. Hourly blood samples (day 1 6 PM to day 2 6 PM) and hourly salivary cortisol/cortisone during waking hours between 6 PM and 11 PM and between 8 AM and 6 PM were collected. Patients were not allowed to eat, drink, or wash their teeth for 30 minutes before salivary tests. Full blood count, liver function tests, urea, creatinine and electrolytes, fasting blood glucose and lipids, and 8 AM ACTH were also measured.
Interventional study
By a priori design (Fig. 1) , an interim analysis was performed on all baseline data to assess if there were differences in the cortisol rhythms between groups. These data were used to determine the timing of administration of metyrapone. Based on these analyses, group AI/ACS was administered 500 mg of metyrapone at 6 PM after a standard meal. Hourly serum cortisol and salivary cortisol/cortisone levels (measured during waking hours only) were measured. These data were then analyzed, and on the basis of these results, a subsequent intervention was performed with metyrapone 500 mg at 6 PM after a standard meal and 250 mg at 10 PM with a snack in patients (group AI/ACS). Similar investigations to those carried out during the baseline visit were performed during these interventions.
Assays
Serum and salivary cortisol and salivary cortisone were measured by liquid chromatography and tandem mass spectrometry, as previously described (18) . Serum IL-6 was measured by a beadbased immunoassay, and the limit of detection was 1.6 pg/mL (19) . The normal upper limit of IL-6 is 4 pg/mL (20) . The intra-assay coefficient of variation (CV) was 3% at 35.6 pg/mL, and the interassay CV was 6% at 38.8 pg/mL. Plasma ACTH was measured in a Siemens Immulite 2000 chemiluminescent assay (Siemens, Frimley, United Kingdom): analytical range, 1.1 to 275 pmol/L; interassay CVs, 6.1% at 7.5 pmol/L and 4.3% at 100 pmol/L. Dehydroepiandrosterone was measured by LC-MS/MS.
Statistical analysis
Data are summarized per group and time points by descriptive statistics using number of patients (N), mean, standard deviation (SD) for continuous variables, and absolute counts and relative frequencies (n and %) for categorical data. Pharmacokinetic analyses were performed using WinNonlin Professional version 5.3 software (Certara USA, Princeton, NJ) and Matlab version 8.2 (Mathworks, Natick, MA). Concentration time profiles were designed for serum cortisol, salivary cortisone, and serum IL-6 at baseline and postintervention (metyrapone). As salivary cortisone has been shown to be a superior surrogate marker for serum cortisol when compared with salivary cortisol, our analysis is based on salivary cortisone measurements (18) . The primary endpoint for the analysis was the geometric 4-hourly areas under the curve (AUCs) over 24 hours starting from 6 PM. Wilcoxon signed rank test was used for paired sample analysis. Where samples were unpaired, the differences and P values are computed using bootstrapped (N = 50,000) Welch's t test. AUC was computed from log 10 transformed data. Missing values were linearly interpolated. The full 24-hour profile was also assessed for salivary cortisone. Missing values (nighttime and sporadic) are imputed by applying the inverse of our published linear mixed-effects model to serum cortisol values (18) . Similar AUCs were measured for IL-6.
For 24-hour AUCs, independent sample t test was used for normally distributed data and Mann-Whitney U test for nonnormally distributed data. Other secondary endpoints were the peak (C max ), time of peak (T max ) from midnight, trough (C min ), and relative amplitude [absolute amplitude (50% of the difference between the level attained at C max and the level attained at C min ) expressed as a percentage of the 24-hour mean cortisol]. Analysis of variance (normally distributed) with least significance difference as post hoc test or Kruskal-Wallis tests (not normally distributed) were used to assess for differences in pharmacokinetic parameters between groups.
Results
A total of 20 participants were included in the study: six healthy subjects, six patients with AI/NoACS, and eight At interim analysis 1, all baseline data were analyzed, and based on the results, the decision was taken to administer 500 mg of metyrapone at 6 PM. At interim analysis 2, all data from phase 2 were analyzed, and based on the results, the decision was taken to administer 500 mg of metyrapone at 6 PM and 250 mg at 10 PM.
patients with AI/ACS (Table 1) . Two AI/ACS patients were withdrawn from the study after the first intervention, one for an unrelated serious adverse event (prostate adenocarcinoma, diagnosed during the study) and the other because of work-related time commitment reasons. Two additional AI/ACS patients were included for the subsequent intervention with metyrapone 500 mg at 6 PM and 250 mg at 10 PM. Baseline data for group AI/ AS taken into account in the final analysis are from the six patients who concluded the study.
There were no differences in sex, mean (SD) age [65 (5. Table 1 ). In the AI/ACS group, ONDST serum cortisol varied between 59 and 127 nmol/L; the highest ONDST serum cortisol in the other groups was 31 nmol/L (Supplemental Table 1 ).
Serum cortisol rhythm at baseline
Analysis of the baseline 24-hour serum cortisol rhythm showed that there were no differences in AUCs between AI/ NoACS and HC throughout the entire 24-hour period (P = 0.33). In contrast, levels in AI/ACS were significantly higher than in these groups only between 6 PM and 10 PM (AUC difference: 0.81 nmol/L/h; P = 0.01) and between 10 PM and 2 AM (AUC difference: 0.86 nmol/L/h; P , 0.001) [ Fig. 2(a) ].
The mean (SD) relative amplitude in the AI/ACS group at 85% (21) was significantly lower than either group AI/ NoACS, 144% (28), or group HC, 120% (19) (P = 0.002), whereas C min was significantly higher in group AI/ACS 94 (45) nmol/L compared with group AI/NoACS 53 (16) nmol/L and group HC 44 (19) nmol/L (P = 0.03), but C max (P = 0.18) and T max (P = 0.84) were similar in all groups. These data demonstrate blunting of the physiological cortisol rhythm in patients with AI/ACS due to higher minimum evening values.
Serum cortisol rhythm postintervention
In view of the identified serum cortisol differences, the sampling study was repeated in patients with AI/ACS with administration of metyrapone 500 mg at 6 PM to assess if this could "reset" the rhythm to normal. There was a significant reduction in log-converted AUC 6 PM-10 PM (P = 0.03) but not in AUC 10 PM-2 AM (P = 0.17), resulting in serum cortisol levels similar to controls in the 4-hour period after 6 PM (AUC difference: -0.40 nmol/L/h; P = 0.93), but with values then rising toward baseline after 10 PM. In view of this, sampling was repeated in AI/ACS patients with metyrapone 500 mg at 6 PM and 250 mg at 10 PM, resulting in no differences between group AI/ACS and controls in log-transformed AUC between 6 PM and 10 PM (AUC difference: -0.06 nmol/L/h; P = 0.85) and between 10 PM and 2 AM (AUC difference: 0.10 nmol/L/h; P = 0.76) in serum cortisol levels throughout the 24-hour period (P = 0.29) and in mean (SD) relative amplitude [117% (39%); P = 0.27], C min [56 (26) nmol/L; P = 0.62], C max [442 (108) nmol/L; P = 0.21], and T max [9 (2.5) hours; P = 0.80]. These data indicate that cortisol exposure in group AI/ACS had been normalized by "resetting" the cortisol rhythm [ Fig. 2(b) ].
Salivary cortisone and cortisol at baseline
Salivary cortisone accurately reflects total and free serum cortisol levels (18, 21) . Log-transformed AUC 8 PM-11 PM salivary cortisone was significantly higher (AUC difference: 0.83 nmol/L/h; P , 0.001) in AI/ACS compared with control groups (Fig. 3) , whereas AUC 8 PM-11 PM salivary cortisone in each control group was similar (AUC difference: 0.4 nmol/L/h; P = 0.4). The correlation between serum cortisol and salivary cortisone was strong (Pearson's r = 0.94). Results for salivary cortisol were less robust both in the correlation between serum cortisol and salivary cortisol (Pearson's r = 0.78) and when comparing AI/ACS with control groups (AUC 8 PM-11 PM difference: 0.67 nmol/L/h; P , 0.03) (Supplement Fig. 2 ). Salivary cortisol levels were similar between control groups (AUC 8 PM-11 PM difference: 0.28 nmol/L/h; P = 0.35) (Supplement Fig. 2 ).
Because nighttime values for salivary assessments were missing, the fixed-effects components (slope and intercept) of previously described mixed-effects models (18) relating (log) serum cortisol to (log) salivary cortisol or cortisone were used to infer salivary values from measured serum levels through back calculation (inversion). From this, 4-hourly AUCs could be estimated across the full 24 hours. There was no significant difference in 4-hourly AUC salivary cortisone and salivary cortisol between control groups throughout the entire 24-hour period. Calculated salivary cortisone AUC was, however, significantly higher in AI/ACS compared with both control groups between 8 PM and 12 AM (AUC difference: 1.1 nmol/L/h; P , 0.001) and between 10 PM and 2 AM (AUC difference: 0.96 nmol/L/h; P , 0.001).
Salivary cortisone rhythm postintervention
Post administration of metyrapone 500 mg at 6 PM and 250 mg at 10 PM, AUC 8 PM-11 PM salivary cortisone levels in patients with AI/ACS decreased to levels similar to the control groups (AUC difference: -0.12 nmol/L/h; P = 0.71) (Fig. 3) . Similarly, between 8 PM and 12 AM (AUC difference: -0.1 nmol/L/h; P = 0.82) and between 10 PM and 2 am (AUC difference: 0.10 nmol/L/h; P = 0.79), AUC salivary cortisone normalized, such that salivary cortisone rhythm was reset to normal physiological levels.
Il-6 levels before and after intervention
At baseline, serum IL-6 levels were higher in patients with AI/ACS compared with both patients with AI/ NoACS and subjects in group HC at all log-converted, 4-hourly AUCs between 10 PM and 2 PM (AUC difference: 0.42 pg/mL/h; P = 0.01). There was no difference in serum IL-6 at any time point between patients with AI/NoACS and HC (P = 0.77). After administration of metyrapone 500 mg at 6 PM and 250 mg at 10 PM, serum IL-6 levels in patients with AI/ACS normalized to levels similar to the other two control groups over all time points over 24 hours (P = 0.08) (Fig. 4) .
Safety profile
For the AI/ACS group that had intervention, six adverse events were reported by four subjects. These included four mild headaches (one possibly related), one episode of hypertension, and an episode of mild dizziness with a serum cortisol level of 22 nmol/L at 11 PM (levels in normal individuals at this time were 5 to 68 nmol/L) (18) .
Discussion
We have shown that patients with AI/ACS have an abnormal cortisol rhythm with excess evening/nocturnal cortisol exposure and higher IL-6 levels. To our knowledge, this is the first time where patients with AI have been show that by administering metyrapone 500 mg at 6 PM and 250 mg at 10 PM, one is able to restore the cortisol rhythm to approximate normal physiological concentrations comparable to groups AI/NoACS and HC. After intervention, all 24-hour AUCs of all three concentration time profiles in the three groups of subjects were similar (P = 0.29). Log-transformed AUC between 6 PM and 10 PM (P = 0.85) and between 10 PM and 2 AM (P = 0.76) normalized to physiological levels. To convert nmol/L to ug/dL, divide by 27.59.
investigated by detailed analysis of the serum 24-hour cortisol rhythm. Conversely, an ONDST serum cortisol of 31 nmol/L or less in patients with AI is associated with as normal a physiological cortisol rhythm as HCs. Groups were carefully matched for age, sex, and BMI, minimizing the potential impact that these parameters might have on our observations. Administration of metyrapone specifically in the evening allowed the cortisol rhythm to be "reset," with an immediate improvement in IL-6 levels, a unique mechanism of action in AI/ACS.
Circadian misalignment, as seen in shift workers, is associated with higher cortisol levels in the evening and higher 24-hour IL-6 levels (22, 23) . Moreover, disturbances in the quiescent phase of cortisol secretion in the evening have been associated with impaired glucose tolerance (24) and predict future new-onset type 2 diabetes (25) . In overt Cushing syndrome, circulating IL-6 levels are high, with associated endothelial dysfunction and increased cardiovascular risk (14, 15) . Increased circulating IL-6 may cause direct endothelial damage by disturbance of immune and inflammatory processes or through mechanisms mediated by insulin resistance (26) and may also impair endotheliumdependent vasodilatation independent of insulin sensitivity (16) . Furthermore, higher tertile serum IL-6 is an independent predictor of sudden death in asymptomatic European men (27) . In our patients with AI/ ACS, serum IL-6 levels were high at baseline but were reduced immediately after "resetting" of the cortisol rhythm, strongly suggesting that this intervention was causal for the improvement.
Our data show that nocturnal cortisol exposure can be lowered, while leaving cortisol levels unaltered throughout the rest of the day. This approach is based on the advantages of using a rapidly acting 11b-hydroxylase inhibitor with a short duration of action (28) so that the reduction in cortisol could be fine-tuned. This represents an entirely unique paradigm of intervention for these patients for whom debate exists over the best strategy of care (5) . Currently, guidelines recommend either observation with treatment to comorbidities potentially related to cortisol or adrenal surgery. The problem with the latter is that patients may be referred for surgery inappropriately due to misdiagnosis, as there is a high risk for false positivity of diagnostic tests. After metyrapone administration, cortisol levels were decreased to the range seen for normal individuals, no adrenal insufficiency event was reported, and, importantly, waking cortisol values were unaffected. Such treatment may allow identification of whether comorbidities observed in an individual patient improve and so may be a means to stratify patients to adrenal surgery or treat medically in the longer term (personalized precision medicine). A randomized, controlled, prospective study in a larger sample of AI/ACS patients is needed to assess these notions and to explore the impact of metyrapone treatment on clinical outcomes. Patients with AI/ACS have significantly higher salivary cortisone levels than subjects with no ACS (P , 0.001). Levels are restored to normality after administration of metyrapone 500 mg at 6 PM and 250 mg at 10 PM. The measurement of salivary cortisone could hence be considered an alternative means to calculate changes in serum cortisol rhythm.
Although an ONDST cut-off of serum cortisol of 50 nmol/L is recommended by both the Endocrine Society and European Society of Endocrinology to identify hypercortisolemia in AI (5, 12) , other data suggest that a lower level of serum cortisol may be associated with true normality. Patients with apparently "nonfunctioning" AI, with an ONDST serum cortisol level of .30 nmol/L, have increased atherosclerosis risk in the absence of conventional cardiovascular risk factors (17) . Moreover, the prevalence of type 2 diabetes in a population with no AI is around 14%, similar to patients with AI and an ONDST serum cortisol around 30 nmol/L, but is significantly higher in patients with AI and ONDST serum cortisol levels above this value (11) . In our study, our two control groups showed ONDST serum cortisol of 31 nmol/L or less, supporting this cut-point as being associated with a normal cortisol rhythm. The cut-offs used in this study, 60 to 80 nmol/L with ACTH ,2.2 pmol/L or .80 nmol/L, are based on previous data showing increased risk of cardiovascular events and adverse metabolic outcomes with higher postdexamethasone cortisol levels (8) . Furthermore, higher cut-offs than 50 nmol/L increase specificity, especially in the presence of a suppressed plasma ACTH.
Midnight salivary cortisol is an established means to screen for Cushing syndrome (12, 29) . Despite this, studies in patients with AI have shown that late-night salivary cortisol levels have poor sensitivity for the diagnosis of subclinical hypercortisolism (30, 31) . Latenight salivary cortisone may be a better marker for subclinical hypercortisolism in patients with AI, although this needs testing in large cohorts. Additionally, our data show that salivary cortisone may have utility for monitoring of medical intervention, with the advantage that it may be used in the community setting without the need for hospital attendance.
The study has limitations: It is small, patients were not dosed over repeated days and were only studied over 24 hours, and therefore no clinical end points were assessed. IL-6 is known to have interindividual and intraindividual variability, and postinterventional changes could be related to this variability (32) . Conversely, the study has been carried out in a stable environment, and cortisol and cytokine rhythms were assessed in fine detail. It is, to our knowledge, the first time that the cortisol rhythm has been systematically studied in this patient group, and control groups were carefully matched.
In summary, we have identified that patients with AI/ ACS have an abnormal cortisol rhythm with elevated nocturnal cortisol exposure. This can be "reset" to normal by using a short-acting 11b-hydroxylase inhibitor, metyrapone, in the evening, resulting in subsequent decrease in IL-6 levels. This has the potential for an entirely unique approach to intervention in these commonly encountered patients.
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